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X-ray absorption spectroscopy at the Cu K-edge is used to study X-
ray induced photoreduction of copper oxide to metallic copper. Although no 
photoreduction has been observed in microcrystalline copper oxide, we have 
found that the photoreduction kinetics of nanocrystalline CuO depends on the 
crystallite size, temperature and pressure. The rate of photoreduction increases 
for smaller nanoparticles but decreases at low temperature and higher pressure. 
Keywords: copper oxide, high-pressure, nanocrystalline, radiolysis,  x-
ray absorption spectroscopy
1. INTRODUCTION
Nanocrystalline copper(II) oxide (CuO) attracts much attention due to a wide 
range of possible applications, including gas sensors, catalysis, batteries, superca-
pacitors, field emission displays, nanoenergetic materials, photodetectors and solar 
cells [1]. Better understanding and optimization of device operation requires moni-
toring of the oxide structure-functional property relationship under in situ and in 
operando conditions. Nowadays such studies widely involve experiments utilising 
high-intensity synchrotron X-ray radiation [2]–[5].
It is known that in some cases the intense incident X-ray beam may alter the 
conditions of the experiment and lead to changes in chemical structure and proper-
ties of a sample. In particular, a reduction of metal ions, including Cu2+, occurs in 
aqueous solutions due to radiolysis [6], [7]. Therefore, this effect finds an application 
for synthesis of metal nanoparticles [6]–[12]. The radiolysis process causes the pro-
duction of reducing radicals such as hydrated electrons and hydrogen atoms under 
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X-ray or γ-ray irradiation of a solution [13], [14].
In this study, we use a polychromatic focused synchrotron X-ray radiation to 
follow kinetics of nanocrystalline CuO photoreduction as a function of crystallite 
size, temperature and pressure. Note that we deliberately neglected this effect in our 
recent study of copper oxide at high pressure due to a short time of the experiment 
[15].
 
2. EXPERIMENTAL STUDY
Nanocrystalline CuO was prepared by a decomposition of Cu(OH)
2
  precipi-
tate in air at the two temperatures of 130 °C and 150 °C [16]. The precipitate was 
produced by the reaction of aqueous solutions of copper nitrate and sodium hydro-
xide. Commercial polycrystalline CuO powder (Adrich, 99+% purity) was used for 
comparison.
X-ray powder diffraction patterns (Fig. 1) of CuO samples were measured at 
room-temperature using the Bruker AXS D2 PHASER Bragg-Brentano θ/θ diffrac-
tometer equipped with the LynxEye detector and copper anode (Cu Kα) tube. The 
samples were rotated during the measurements, and their patterns were collected in 
the angular range 2θ from 10° to 90° with the step of ∆(2θ)=0.04°. The lattice para-
meters and crystallite sizes were evaluated from the analysis of diffraction patterns 
by the Rietveld method [17] using the Profex code [18].
Fig. 1. Powder X-ray diffraction patterns of CuO: open circles – experiments, solid lines – Rietveld 
refinements. The vertical bars correspond to monoclinic CuO phase (space group C2/c (No. 15)) [19].
Pressure and temperature dependent Cu K-edge X-ray absorption spectros-
copy studies of nanocrystalline and microcrystalline CuO samples were performed 
using the dispersive setup of the ODE beamline at SOLEIL synchrotron [20]. The 
SOLEIL synchrotron operated in the top-up mode with the energy E=2.75 GeV and 
current I=450 mA. The X-ray synchrotron radiation, produced by bending magnet, 
was dispersed and focused by a cooled single-crystal Si(111) monochromator bent in 
four points. The polychromatic photon flux on the sample was about 109 photons/s/
eV in 25×35 µm FWHM. Two mirrors installed before and after the monochroma-
tor were used for a harmonic rejection. X-ray absorption spectra were recorded by 
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a Princeton Instruments PIXIS-400 CCD camera coupled with a scintillator. The 
sample pressure and temperature were controlled using a membrane-type nano-poly-
crystaline diamond anvil cell (NDAC) [21], [22] and liquid helium cryostat. The 
silicon oil (Rhodorsil Oils 47V100) was used as pressure transmitting media. The 
pressure in the cell was monitored using the position of the R1-line of ruby fluores-
cence excited by a 473 nm DPSS laser.
3. RESULTS AND DISCUSSION
The results of the Rietveld refinement of the X-ray diffraction patterns (Table 
1) suggest that the lattice parameters of nano-sized CuO are close to that of mi-
crocrystalline powder. Some evidence of the lattice expansion upon crystallite size 
reduction is observed; however, the effect is rather small. Note that the unit cell vo-
lume expansion was found previously in CuO powders with the average grain size of 
about 9.5–35.1 nm and explained by an influence of strain or oxygen depletion [23].
Table 1
Lattice Parameters Obtained by Rietveld Refinement
CuO (Aldrich) nano-CuO (20 nm) nano-CuO (8 nm)
a (Å) 4.6861(2) 4.6823(8) 4.710(4)
b (Å) 3.4272(2) 3.4289(8) 3.448(4)
c (Å) 5.1335(2) 5.1390(5) 5.143(3)
b (°) 99.428(2) 99.419(8) 99.10(4)
y(O) 0.433(3) 0.390(5) 0.46(3)
V (Å3) 81.34 81.40 82.47
d (nm) 70(3) 20(2) 8(1)
The effect of temperature on the X-ray induced photoreduction of nano-CuO 
(8 nm) is shown in Fig. 2 for three temperatures (10, 190 and 260 K) at the pres-
sure P =1–2 GPa. The appearance of metallic copper is well visible at T =260 K as 
a growing shoulder at 8983 eV and a reducing main peak at 9000 eV. However, the 
reduction process is not fully completed even after 70 min.
Fig. 2. Temperature-dependent Cu K-edge XANES of nano-CuO (8 nm)  
at P = 1-2 GPa as a function of experimental time.
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Fig. 3.  Pressure-dependent Cu K-edge XANES of nano-CuO (8 and 20 nm)  
at T =10 and 300 K GPa as a function of experimental time.
A decrease of temperature down to 10 K significantly slows down the photo-
reduction of the oxide to metallic copper. At low temperature (10 K), the photore-
duction of small (8 nm) CuO nanoparticles occurs only at low pressure (P =1 GPa), 
whereas no effect is visible at 8 and 16.8 GPa (upper panels in Fig. 3).  Thus, a retar-
dation of the photoreduction effect due to radiolysis can be achieved by increasing 
pressure.
At the same time, a complete conversion of nano-CuO (8 nm) to metallic cop-
per occurs for about 0.5 h at 300 K for the pressure below ∼8 GPa (middle panels in 
Fig. 3). Upon increasing crystallite size to 20 nm, the reduction process takes more 
time (about 1.5 h) at the pressure below ∼8.3 GPa (lower panels in Fig. 3).  Further 
increase of pressure up to 23 GPa stabilizes the oxide phase in 20 nm CuO crystal-
lites.
4. CONCLUSIONS
X-ray induced photoreduction of copper oxide placed in a diamond anvil cell 
has been studied using synchrotron radiation X-ray absorption spectroscopy at the 
Cu K-edge as a function of crystallite size, temperature and pressure. We have not 
observed any photoreduction in the case of microcrystalline copper oxide, but it has 
clearly been detected from the change in X-ray absorption near edge structure of 
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nanocrystalline CuO. The rate of CuO photoreduction to metallic copper increases 
with a decrease in nanoparticle size, but slows down with a decrease in temperature 
or an increase in pressure. These findings are important for all studies dealing with 
high-flux X-ray beams, in particular, in the case of nanosized CuO catalysts.
ACKNOWLEDGEMENTS
The authors are grateful to Prof. Alain Polian for providing NDAC cell. Parts 
of the present research have been carried out at the ODE beamline at SOLEIL.
REFERENCES
1. Zhang, Q., Zhang, K., Xu, D., Yang, G., Huang, H., Nie, F., …Yang, S. (2014). CuO nano-
structures: Synthesis, characterization, growth mechanisms, fundamental properties, and 
applications. Prog. Mater. Sci., 60, 208–337. DOI: 10.1016/j.pmatsci.2013.09.003
2. Frenkel, A. I., Rodriguez, J. A., & Chen, J. G. (2012). Synchrotron techniques for in situ 
catalytic studies: Capabilities, challenges, and opportunities. ACS Catal., 2, 2269–2280. 
DOI: 10.1021/cs3004006
3. Volanti, D. P., Felix, A. A., Suman, P. H., Longo, E., Varela, J. A., & Orlandi, M. O. (2015). 
Monitoring a CuO gas sensor at work: An advanced in situ X-ray absorption spectros-
copy study. Phys. Chem. Chem. Phys., 17, 18761–18767. DOI: 10.1039/C5CP02150B
4. Lin, F., Liu, Y., Yu, X., Cheng, L., Singer, A., Shpyrko, O. G., … Doeff, M. M. (2017). 
Synchrotron X-ray analytical techniques for studying materials electrochemistry in re-
chargeable batteries. Chem. Rev., 117, 13123–13186. DOI: 10.1021/acs.chemrev.7b00007
5. Liguang, W., Jiajun, W., & Pengjian, Z. (2018). Probing battery electrochemistry with 
in operando synchrotron X-ray imaging Techniques. Small Methods, 1700293. DOI: 
10.1002/smtd.201700293
6. Joshi, S., Patil, S., Iyer, V., & Mahumuni, S. (1998). Radiation induced synthesis and 
characterization of copper nanoparticles. Nanostruct. Mater., 10, 1135–1144. DOI: 
10.1016/S0965-9773(98)00153-6
7. Yamaguchi, A., Okada, I., Fukuoka, T., Ishihara, M., Sakurai, I., & Utsumi, Y. (2016). 
One-step synthesis of copper and cupric oxide particles from the liquid phase by X-
ray radiolysis using synchrotron radiation. J. Nanomater., 2016, 8584304. DOI: 
10.1155/2016/8584304
8. Oyanagi, H., Sun, Z. H., Jiang, Y., Uehara, M., Nakamura, H., Yamashita, K., … Maeda, 
H. (2012). Small copper clusters studied by X-ray absorption near-edge structure. J. 
Appl. Phys., 111, 084315. DOI: 10.1063/1.3700346
9. Jayanetti, S., Mayanovic, R. A., Anderson, A. J., Bassett, W. A., & Chou, I. M. (2001). 
Analysis of radiation-induced small Cu particle cluster formation in aqueous CuCl
2
. J. 
Chem. Phys., 115, 954–962. DOI: 10.1063/1.1379758
10. Lee, H. J., Je, J. H., Hwu, Y., & Tsai, W. (2003). Synchrotron X-ray induced solution 
precipitation of nanoparticles. Nucl. Instrum. Methods Phys. Res. B, 199, 342–347. DOI: 
10.1016/S0168-583X(02)01561-6
11. Oyanagi, H., Orimoto, Y., Hayakawa, K., Hatada, K., Sun, Z., Zhang, L., … Maeda, H. 
(2014). Nanoclusters synthesized by synchrotron radiolysis in concert with wet chemis-
try. Sci. Rep., 4, 7199. DOI: 10.1038/srep07199
18
12. Mukherjee, S., Fauré, M. C., Goldmann, M., & Fontaine, P. (2015). Two step formation 
of metal aggregates by surface X-ray radiolysis under langmuir monolayers: 2D followed 
by 3D growth. Beilstein J. Nanotechnol., 6, 2406–2411. DOI: 10.3762/bjnano.6.247
13. Jonah, C. D. (1995). A short history of the radiation chemistry of water. Radiat. Res., 
144, 141–147. DOI: 10.2307/3579253
14. Le Caer, S. (2011). Water radiolysis: Influence of oxide surfaces on H
2
 production under 
ionizing radiation. Water, 3, 235–253. DOI: 10.3390/w3010235
15. Kuzmin, A., Anspoks, A., Kalinko, A., Rumjancevs, A., Timoshenko, J., Nataf, L., … Iri-
fune, T. (2016). Effect of pressure and temperature on the local structure and lattice dynam-
ics of copper(II) oxide. Phys. Procedia, 85, 27–35. DOI: 10.1016/j.phpro.2016.11.077
16. Tran, T. H., & Nguyen, V. T. (2014). Copper oxide nanomaterials prepared by solution 
methods, some properties, and potential applications: A brief review. Int. Sch. Res. No-
tices, 2014, 856592. DOI: 10.1155/2014/856592
17. Rietveld, H. (1967). Line profiles of neutron powder-diffraction peaks for structure re-
finement. Acta Crystallogr., 22, 151–152. DOI: 10.1107/S0365110X67000234
18. Doebelin, N., & Kleeberg, R. (2015). Profex: A graphical user interface for the Riet-
veld refinement program BGMN. J. Appl. Crystallogr., 48, 1573–1580. DOI: 10.1107/
S1600576715014685
19. Yamada, H., Zheng, X. G., Soejima, Y., & Kawaminami, M. (2004). Lattice distortion 
and magnetolattice coupling in CuO. Phys. Rev. B, 69, 104104. DOI: 10.1103/Phys-
RevB.69.104104
20. Baudelet, F., Kong, Q., Nataf, L., Cafun, J. D., Congeduti, A., Monza, A., … Itié, J. P. 
(2011). ODE: A new beam line for high-pressure XAS and XMCD studies at SOLEIL. 
High Pressure Res., 31, 136–139. DOI: 10.1080/08957959.2010.532794
21. Tetsuo, I., Ayako, K., Shizue, S., Toru, I., & Hitoshi, S. (2003). Materials: Ultrahard 
polycrystalline diamond from graphite. Nature, 421, 599–600. DOI: 10.1038/421599b
22. Ishimatsu, N., Matsumoto, K., Maruyama, H., Kawamura, N., Mizumaki, M., Sumiya, 
H., & Irifune, T. (2012). Glitch-free X-ray absorption spectrum under high pressure ob-
tained using nano-polycrystalline diamond anvils. J. Synchrotron Rad., 19, 768–772. 
DOI: 10.1107/S0909049512026088
23. Bianchi, A. E., Plivelic, T. S., Punte, G., & Torriani, I. L. (2008). Probing the structure 
of nanograined CuO powders. J. Mater. Sci., 43, 3704–3712. DOI: 10.1007/s10853-008-
2600-7
19
SPIEDIENA UN TEMPERATŪRAS IETEKME UZ  
NANOKRISTĀLISKĀ CuO RENTGENSTIMULĒTO  
FOTOREDUCĒŠANU
A. Kuzmin, A. Anspoks, L. Nataf, F. Baudelet, T. Irifune
K o p s a v i l k u m s
Rentgenabsorbcijas spektroskopija Cu K-malā tika izmantota, lai pētītu spie-
diena un temperatūras ietekmi uz vara oksīda (CuO) rentgenstimulēto fotoreducēšanu. 
Šajā procesā notiek vara oksīda transformācija par metālisko varu. Nanokristāliskā 
vara oksīda fotoreducēšanas kinētika ir atkarīga no kristalītu izmēriem, temperatūras 
un spiediena. Fotoreducēšanas ātrums palielinās mazās nanodaliņās, bet samazinās 
zemā temperatūrā un augstā spiedienā.
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